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- constituting the CLINAC head and the beam collimation
1. Aim

system.''” The radiation activation technique is employed
to measure neutrons and high-energy photon fluence in
CLINAC.*?%2> This technique has been widely used in nuclear
reactors and gamma irradiation facilities for the characteri-
zation of the high flux of neutron and high-energy gamma
photon.>”''> It has the advantage that the detector material
can be formed into any shape; they can be large or small
depending on the application. Additionally, it can be applied in
2. Background mixed fields, because it discriminates between different radi-
ations such as gamma photon, neutron, etc.? Pure metallic
foils are generally used in radiation activation techniques. The
foils are activated by radiation. Then the radiation fluence is
determined through the measurement of the foil radioactiv-
ity. Gold foils were used to measure neutron and high-energy
photon in CLINAC.'®2* Indium foils were used also in radiation

activation technique.’ The neutron fluence around CLINAC
22

The aim of this work was to estimate thermal neutron flu-
ence (Fy,), epithermal neutron fluence (Fey), and high-energy
photon fluence (Fpy) around the Varian 21EX 23 MV CLINAC,
operated in Albairouni hospital, Damascus, Syria using gold
activation foils.

In radiation therapy with photon energies higher than 10 MeV,
neutrons are generated mainly in CLINACs through (y,n)
interactions with nuclei of high atomic number materials

* Corresponding author.
E-mail address: prscientifics@aec.org.sy (Kh. Haddad). was estimated using nuclear track detector.” The Fy, Fepi,"
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Table 1 - Characteristics of Gold activation reactions with high-energy photons and neutrons.

Radiation Interaction Activation product Reference
Type o, barns Nuclide Ty, d E, keV

High-energy photons (v,m) 2.19 1% Au 6.16 355.73 IAEA?®

Thermal neutrons (n,y) 9.88 1%8Au 2.69 411.8 2

Fast neutrons 7.70

and Fpp 10 around the CLINACs are measured and published for
different CLINACs using radiation activation foils.

The thermal neutron flux was calculated by:

_ exp(rtg)AtotFca (3)
otnGmN [1 — exp (—at;)]
3. Materials and methods
where Aty is the measured activity of bare foil; A is the 8 Au
3.1. Gold activation detectors decay constant; t4 is the foil decay time; t; is an irradiation

Gold nuclei interact with high-energy photons and neutrons.
These interactions produce radioactive activation products.
Table 1 lists the characteristics of gold activation reactions
with high-energy photons and neutrons. The flux of high-
energy photon and neutron are determined by measurements
of the activation product radioactivities. Thus, gold foil can be
used to measure high-energy photons and neutrons simulta-
neously in CLINAC.

3.2.  Neutron flux measurement using gold foil

The photoneutrons produced in CLINAC have a broad energy
spectrum with a high-energy end point of greater than 10 MeV.
The majority of the produced neutrons are slowed down in
elastic collisions with nuclei of hydrogen in the concrete walls,
ceiling and floor. The slowed down neutrons may return to a
treatment room and they give their contribution to the specific
neutron energy distribution in the vicinity of the accelera-
tor. The thermal and epithermal neutrons fluxes in a position
are measured using cadmium ratio technique. Bare gold foils
and ones covered by a cadmium sheet were irradiated in the
position. The cadmium cover absorbs almost all thermal neu-
trons. Therefore, the activity of gold foils covered by cadmium
is induced by epithermal neutrons.?’ Whereas the activity
of bare gold foil is induced by both thermal and epithermal
neutrons. HPGe coaxial gamma spectrometer was used to
determine '8Au activity induced in each irradiated foil by
measuring its characteristic gamma line (411keV). The cad-
mium ratio is calculated from experimental data using the
relation:!

Reg = 1
o1 = 52 (1

where At, Acq are the measured activities of bare foil and foil
covered by cadmium respectively.

To simplify the neutron flux expression the factor Fcy is
defined as

Reg—1

Fog= -4~ - 2
o= @

time; N is the initial number of 1%’ Au nuclei in the irradiated
foil, oy, is the cross section of 1% Au(n,y)!*8 Au reaction for ther-
mal neutrons; Gy, is the neutron self-shielding factor of the foil
for thermal neutrons.

The epithermal neutron flux was calculated by:

o exp(rtg)Acq
Pt = 1GopiN [1 — exp (—1t)] )

where I is the epithermal integral of the %7 Au(n,y)!* Au reac-
tion for epithermal neutrons; G, is the neutron self-shielding
factor of the foil for epithermal neutrons.

Egs. (3) and (4) were used to determine ¢y, and gg; val-
ues. The Fy, and Fgy,; values are obtained simply by multiplying
¢th and ggp; by the irradiation time. The effects of foil superfi-
cial density in Egs. (3) and (4) are included by the factors Gy,
as well as G,y;. These factors were determined for the used
foils.?

epi-

3.3.  Measurement of high-energy photon flux using
gold foil

High-energy photon flux was measured using Gold foil.
The foils were irradiated in the studied positions. HPGe
coaxial gamma spectrometer was used to determine °®Au
activity induced in the irradiated foils by measuring its
characteristic gamma lines (355.7 keV). The high energy pho-
ton flux is calculated using the measured %°Au activity
by:

A

= Wo(t—e 7]

(%)

where ¢ is the high-energy photon flux; A is the measured
1% Au activity; N is the total number of Gold nuclei in the foil;
o is the high-energy photon activation cross section;  is 1% Au
decay constant; t;, is an irradiation period.

This relation can be reduced for short irradiation periods
(less than 0.4 half life) by expansion of the exponential term
to:

¢ = m (6)
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The fluence of particles (neutron or photon) (F) is the num-
ber of particles crossing a unit area (1cm?), i.e.:

F = ¢t (7)

By rearrangement of Eq. (6) and noting Eq. (7), we get high
energies photon fluence:

A
Fph = ¢tir = No) ®)

This relation shows that the high-energy photon fluence
is a linear function of the measured ®°Au activity. This rela-
tion was used in this work to estimate the high-energy photon
fluence.

3.4. Measurements

Pure Gold foils of 99.99% purity, 0.1mm thickness and
4mm diameter were used to measure high-energy pho-
ton and neutron flux. The mean energy of photoneutron
in CLINAC is around several MeV.”® Thermal neutrons
are produced by the interactions with, mainly, hydroge-
nous materials. Intermediate neutrons are produced by the
interactions with medium- and high-Z materials.’® The Cad-
mium cover method was applied to separate the thermal
neutron.”

The foils were irradiated by photon beam of 23 MV Varian
linear accelerator type 21EX with field size of 40 cm x 40 cm at
Source Axis Distance (SAD) = 100 cm (isocenter level) as shown
in Fig. 1. The foils were irradiated for 1.8 min to yield the 6 Gy
X-ray dose. The Gold foils were placed, as shown in Fig. 1.
The radioactivities of irradiated Gold foils were measured by
HPGe gamma-spectrometry. The ¢y, ¢epi and F were deter-
mined using Egs. (3), (4) and (8) respectively. The Fy and Fey;
was normalized to the therapeutic dose measured by ioniza-
tion chamber. Such normalization made it possible to render
the neutron fluence values independent of a therapeutic beam

rate. The peak area uncertainty forms the main component
of the total measurement uncertainty. The maximum uncer-
tainty in measurement of the neutron fluence was estimated
to be 20%.

4, Results

Tables 2 and 3 list the obtained Fy, F,p; and Fp, in the isocenter
respectively along with the corresponding published values
in other works. Table 4 lists the obtained Fyy, in the field size
around the isocenter.

Figs. 2 and 3 show the Fy, and Fg; distribution along the ox
and oy axis respectively.

Analyzing Table 2 shows the following:

- Fy, and F. values are more than the corresponding value in
Varian CLINAC-2300, 20 MV;

- Fy, and F, values increase as the nominal potential of the
therapeutic X-ray beam increases.

These results are interpreted as follows. The cross-section
of the photonuclear reactions has an epithermal character.
The maximum cross section relates to photon energy of
22MeV for the low atomic number and to 14 MeV for heavy
nuclei. Thus, the photonuclear reactions can be induced in all
materials inside the 23 MV X-ray beam whereas in the case of
the 20 MV beam these reactions take place mainly in the high
atomic number isotopes.'®

Analyzing Tables 3 and 4 shows the following:

- Fpp value has the same order of the corresponding value in
CLINAC 2100C 18 MV. However, it is less. This is because the
field size in our work is more than that of the other;

- Fpp has practically a constant value in the in the field size
of 40 x 40 cm? around the isocenter. This result is similar to
the published one.”°

Fig. 1 - Locations of Gold foils in experimental arrangement around the CLINAC at isocenter level.
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Table 2 - The measured fluence of thermal and epithermal neutron in the isocenter of Varian 21EX 23 MV CLINAC along

with the corresponding published values in other Varian CLINACs.

Varian model X-rays beam Radiation field Fy,, ncm~2/Gy Fe, ncm~2%/Gy Reference
Clinac 21EX 23 MV 40cm x 40cm 1.88 x 10° 5.5 x 10° This work
Clinac-2300 20 MV 10cm x 10cm 1.5 x 10° 1.2 x 10° L
Clinac-2300 15MV 10cm x 10cm 3.0x 10° 2.7 x 10°

Clinac 21EX 10MV 20cm x 20cm 1.46 x 10* = 22

Table 3 - The measured fluence of high-energy photon in the isocenter of Varian 21EX 23 MV CLINAC along with the

corresponding published value in other Varian CLINAC.

Varian model Beam Radiation field F, phcm~2/Gy Reference
Clinac 21EX 23 MV 40cm x 40cm 1.45E+09 This work
Clinac2100C 18 MV 10cm x 10cm 4.25E+09 2

Table 4 - The high-energy photon fluence distribution in the in the field size of 40 x 40 cm? around the isocenter.

X 0 0 40 —40
y 40 —40 0 0
D, ph/Gy 1.55E+09 1.56E+09 1.52E+09 1.58E+09
1.6E+06 A
A
A 58, A
= 1.2E+06
S A a
o A A
g A Ath
o 8.0E+05
:f Oe
[
5 4.0E+Og
0.0E+00 o
-120 -100 -80 -60 -40 -20 0O 20 40 60
X, cm

Fig. 2 - Thermal and epithermal neutron fluence distribution along ox axis.

A A
A
A 1.5E+06 | A
>
L A AL T A
'5: A th 1.0E+06
3) A
= Oe
R 5.0E+05
o o O 9
o] o) o o 00O
0.0E+00
-135 -105 75 -45 -15 15 45
y, cm

Fig. 3 - Thermal and epithermal neutron fluence distribution along oy axis.
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Analyzing Figs. 2 and 3 shows the following:

- Fy, Fe values along ox and oy axes have the same order
of magnitude. Thus, neutrons can activate the accelera-
tor accessories. Therefore, the accelerator accessories and
other massive objects should not be stored in the treatment
room.

5. Conclusions

The thermal neutron, epithermal neutron and high-energy
photon fluences around the Varian 21EX 23 MV CLINAC
have been measured in this work using Gold activation foils.
It was found that high-energy photon fluence has practi-
cally a constant value in the field size. The thermal and
epithermal neutron fluences along ox and oy axes have the
same order of magnitude. The results agree with the pub-
lished one for similar CLINACs and consolidate the fact
that, neutron fluence around the CLINAC increases as the
nominal potential of the therapeutic X-ray beam increases.
The results provide experimental data for the studied
CLINAC.
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